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ABSTRACT: An important role for docosahexaenoic acid
(DHA) within the retina is suggested by its high levels and ac-
tive conservation in this tissue. Animals raised on n-3-deficient
diets have large reductions in retinal DHA levels that are asso-
ciated with altered retinal function as assessed by the elec-
troretinogram (ERG). Despite two decades of research in this
field, little is known about the mechanisms underlying altered
retinal function in n-3-deficient animals. The focus of this re-
view is on recent research that has sought to elucidate the role
of DHA in retinal function, particularly within the rod photore-
ceptor outer segments where DHA is found at its highest con-
centration. An overview is also given of human infant studies
that have examined whether a neonatal dietary supply of DHA
is required for the normal development of retinal function.
Paper no. L8652 in Lipids 36, 859-871 (September 2001).

Docosahexaenoic acid (DHA, 22:6n-3) is found in very high
concentration in the retina (1,2). DHA may be obtained directly
from the diet or synthesized from one of its n-3 precursors (3).
The retina possesses an efficient conservation and recycling
mechanism that helps preserve retinal DHA concentrations
even during prolonged periods of low n-3 dietary intake (4-6).
The high concentration of DHA in the retina and existence of
the conservation and recycling mechanisms suggest that DHA
may be important to retinal function. The growing body of evi-
dence to suggest that DHA performs several important roles
within the retina is the subject of this review. We have chosen
to focus on recent research that has provided new information
regarding the role of DHA in the retina, particularly within the
photoreceptors. Key results from early studies that have con-
tributed to our understanding of the role of DHA in the retina
are also discussed. A comprehensive review of earlier studies
in this field was published previously (7).

A major portion of this review is dedicated to animal stud-
ies that have investigated the effect of large reductions in reti-
nal DHA levels on retinal function. An overview is also given
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of studies with human infants that have sought to determine
whether a supply of preformed DHA is required in the diet of
human infants to achieve optimal retinal function. A descrip-
tion of the basic structure and physiology of the retina and how
its function may be assessed with the electroretinogram (ERG)
will preface the review of the human and animal studies.

THE RETINA

The following sections provide a brief overview of basic reti-
nal structure and physiology; more detailed information on
these subjects may be found elsewhere (for review, see Refs.
8-10). The process of vision begins with light being focused
through the cornea and lens onto the retina. The retina con-
tains the cells responsible for light capture and transduction,
the rod and cone photoreceptors. The rod system has high sen-
sitivity at low light levels to provide animals with “night vi-
sion,” but does not provide color vision or high spatial resolu-
tion. The retinas of nocturnal mammals such as rats are rod
dominant and have few cones. Cones provide the basis for
color vision and the ability to see over a wide range of light
intensities in daylight. Higher primates, including humans,
apes and old world monkeys, have three classes of cones that
respond optimally to either long, medium, or short wave-
lengths (i.e., red, green, or blue) (11). Cones are tightly packed
within the fovea to provide the basis for high visual acuity.

Photoreceptor cells contain two distinct compartments, the
inner and outer segments (Fig. 1). The inner segments con-
tain the components necessary for cell metabolism, whereas
the outer segments contain the photopigments that absorb
photons of light. The rod outer segments (ROS) contain thou-
sands of vertically stacked free-floating disks that are rich in
DHA and the photopigment rhodopsin (Fig. 1). The cone pho-
toreceptors also contain disks within the outer segment, but
they are not free floating and remain contiguous with the
outer plasma membrane.

In the dark, a continuous current flows into the rod pho-
toreceptor outer segments through cation channels kept open
by a high cytosolic concentration of cGMP (see Fig. 2). After
photon capture, rhodopsin rapidly undergoes a conforma-
tional change to form metarhodopsin II (R*), the activated
form of rhodopsin. R* activates the trimeric G protein, trans-
ducin, by catalyzing the exchange of GDP for GTP, which
binds to the o subunit of transducin (Fig. 2). The activated
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FIG. 1. Rods contain thousands of vertically stacked free-floating disks
that are rich in docosahexaenoic acid (DHA) and the photopigment,
rhodopsin. The cone photoreceptors also contain disks within the outer
segment, but they are not free floating and remain contiguous with the
outer membrane. Each cone photoreceptor contains one of three pho-
topigments that respond optimally to short, medium or long (red, green
or blue) wavelength light. The inner segments contain the components
necessary for cell metabolism. The pigment epithelium has several im-
portant roles including regulation of the exchange of nutrients and by-
products between the photoreceptors and the choroidal blood supply.
Inset: The photopigments are surrounded by the DHA-rich phospho-
lipids. Reproduced with permission from Reference 7.

transducin (Go*) binds to the tetrameric cGMP phosphodi-
esterase (E), thus removing the influence of one of its in-
hibitory vy subunits. The activated E (E*) hydrolyzes cGMP
to GMP. The resulting fall in cytosolic cGMP after rhodopsin
activation closes cation channels causing the photoreceptor to
hyperpolarize. The phototransduction cascade has a high
gain, so the activation of a single rhodopsin molecule results
in the hydrolysis of some 10° cGMP molecules (12).

In the dark, photoreceptors continually release the neuro-
transmitter glutamate into their synaptic junctions with the
bipolar and horizontal cells. Light-induced hyperpolarization
of the photoreceptors causes a graded reduction in the release
of glutamate, which in turn causes the bipolar cells to either
depolarize (ON-bipolars) or hyperpolarize (OFF-bipolars).

THE ERG AS A MEASURE OF RETINAL FUNCTION

The ERG is a record of the voltage change that occurs across
the retina in response to a brief flash of light (for reviews, see
Refs. 10,13). The ERG may be recorded using a wide variety
of electrodes, but a contact lens electrode placed on the
cornea provides the largest and most stable response (14). The
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following section gives a brief overview of the ERG with par-
ticular reference to the components most commonly recorded
in studies that have assessed the role of DHA in retinal func-
tion. A typical ERG and its characteristic parameters are
shown in Figure 3.

Origin of the ERG. The leading edge of the ERG a-wave
recorded to a bright saturating flash, i.e., one that closes all
cation channels, reflects the hyperpolarization of the massed
photoreceptor response (15,16). The rod-dominated ERG b-
wave recorded in the dark reflects depolarization of the rod
bipolar cells (17,18). The cone-dominated ERG b-wave
recorded with a bright background is shaped by both ON and
OFF bipolar cells and horizontal cells (19). The oscillatory
potentials are high-frequency oscillations superimposed upon
the b-wave (Fig. 3), and are thought to originate from differ-
ent levels within the proximal retina, including the amacrine,
interplexiform, and ganglion cells (20).

Factors affecting ERG morphology. One important deter-
minant of ERG amplitudes and implicit times is the retinal il-
luminance produced by the flash. Retinal illuminance refers
to the number of photons arriving at the retina measured in
trolands (Td) (21). Retinal illuminance takes into account not
only the intensity and spectral content (color) of the flash but
also a number of other factors, including dark adaptation, the
length of the eye, and the size of the pupil (21). It has been
estimated for dark-adapted humans that a troland of light in-
duces, on average, 8.6 photoisomerizations per rod (22). For
the average human rod with 70 million rhodopsin molecules
(9), a flash that produces a retinal illuminance of 1.0 log sco-
topic troland-seconds (scot-Td-sec) will therefore bleach
~0.0001% of the available rhodopsin.

Another important determinant of ERG morphology is the
background luminance. Scotopic ERG (rod dominant) are
recorded in the dark, whereas photopic ERG (a measure of
the massed cone response) are recorded against a background
light sufficient to saturate the rods. Photopic ERG are typi-
cally smaller and faster than scotopic ERG (23).

Conventional analysis of the ERG. The “conventional”
method of ERG assessment involves measurement of ERG b-
wave amplitude over a range of flash intensities (Fig. 4). The
change in amplitude with flash intensity may be described in
terms of the Naka-Rushton function (Fig. 5), an adaptation of
the Michaelis-Menten equation (24,25):

VIV, = 1" + K" 1]

where V is the amplitude (LLV), [ is the flash intensity, n is the
slope of the curve, V. is the maximum amplitude (uV), and
K is the intensity that elicits half-maximal response. V_ has
been interpreted as an index of both the number of rods re-
sponding and the gain (WV/quantum captured) for each b-
wave generator (26). The parameter K has been interpreted as
an index of retinal sensitivity that represents quantal capture
(26). Rod threshold, defined as the flash intensity at which an
ERG b-wave is just detectable, may also be determined from

the Naka-Rushton equation (27).
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FIG. 2. Upon capture of a photon of light (hv), rhodopsin is activated (R*). R* activates the G protein by catalyzing
the exchange of GDP for GTP. Upon activation, the G protein separates into two parts; one is the isolated subunit
to which GTP is now attached (G*0)). G*a binds to cyclic guanosine monophosphate phosphodiesterase (E), releas-
ing the inhibitory influence of one of the E y subunits. The activated E begins to hydrolyze cGMP (cG) to GMP. The
resulting fall in cytosolic cGMP concentration causes cGMP molecules to dissociate from the ion channel, which
now closes. Rod recovery occurs in part due to an increase in cGMP concentration, which is synthesized from GTP
by guanylate cyclase (GC). Reproduced with permission from Reference 78.
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One limitation of conventional ERG analysis is that the
ERG waveforms are formed by a composite of generators and
thus are nonspecific in terms of cellular origin. For example,
the ERG b-wave contains not only bipolar responses but also
contributions from the photoreceptor a-wave and oscillatory
potentials from the proximal retinal layers (18). The b-wave
also includes a substantial corneal negative scotopic thresh-
old response generated by the proximal retina at low-to-mod-
erate flash intensities (18,28). In most of the studies investi-
gating the role of fatty acids in retinal function, the ERG has
typically been measured up to flash intensities sufficient to
produce maximal ERG b-wave amplitude (V.. ). At this flash
intensity, the ERG a-wave does not provide an accurate de-
scription of the massed hyperpolarization response of the
photoreceptors (16).

Analysis of phototransduction. Recent developments in
ERG recording and analysis techniques have enabled better
isolation of the massed responses from the photoreceptor and
bipolar cells. In vitro experiments with isolated photorecep-
tors have enabled the development of a quantitative model
describing the G-protein cascade of phototransduction (29).
The same quantitative model or slight variants of it (see Eq.
2) have been used successfully to describe the leading edge
of the ERG a-wave in response to a high intensity flash that
causes a-wave saturation (22,30-32). Figure 6 shows an ex-
ample of ERG recorded to three different flash intensities
(solid lines) and the fit of the model given in Equation 2 to
the leading edges of the ERG a-waves (dashed lines). The
phototransduction model is given by

P3(i, 1) = {1- exp[—i-S-(t — 1,)*]}-R 1>1

(2]

maxP3

where P3 is the voltage of the ERG a-wave (LV), at time ¢
seconds, in response to a flash with a retinal illuminance of i
scot Td-sec. The P3 term describing the ERG a-wave is so
named after Granit’s classic analysis, in which the ERG was
formed by the addition of two cellular responses, P2, a single
postreceptoral response and P3 the response from the pho-
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FIG. 3. The electroretinogram (ERG) a-wave represents the hyperpolar-
ization of the massed photoreceptor response, whereas the ERG b-wave
represents the depolarization of the rod-bipolar cells. Small oscillatory
potentials shown superimposed on the rising b-wave originate from in-
teractions among the amacrine, interplexiform, and ganglion cells. ERG
a-wave amplitude is measured from the baseline to the trough of the
ERG a-wave, and ERG b-wave amplitude is measured from the trough
of the a-wave to the peak of the ERG b-wave. Implicit times are mea-
sured from flash onset (time 0) to the trough of the ERG a-wave and to
the peak of the ERG b-wave.
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FIG. 4. Variation in ERG b-wave amplitude and implicit time over a 4
log unit range of retinal illuminance. With increasing retinal illumi-
nance (bottom to top), ERG b-wave amplitude increases and implicit
time decreases. For abbreviation see Figure 3.
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FIG. 5. Variation in ERG b-wave amplitude with retinal illuminance
from an adult rhesus monkey. The solid line shows the fit of the Naka-
Rushton equation (Eqg. 1 in text) to the data. The parameters derived

from the fit of the Naka-Rushton equation are as follows: V., the max-

imum amplitude (pV), and K, the intensity that elicits half-maximal re-
sponse. Rod threshold, defined as the flash intensity at which an ERG b-
wave is just detectable, may also be derived from the Naka-Rushton
equation. For abbreviation see Figure 3.

toreceptors (33,34). The parameters of the model that are ad-
justed to provide the best description of the leading edge of the
rod isolated ERG a-wave are as follows: S, a sensitivity para-
meter that scales retinal illuminance [(scot Td—sec)_l sec_z]; Iy
a delay (sec), and R, 3, the maximum amplitude response
(uV) (35). The parameter S has been interpreted to represent
the gain of the phototransduction cascade, i.e., it is propor-
tional to the number of cation channels closed per molecule
of rhodopsin activated (22,30). Alternatively, S may also be
altered by a change in the local rhodopsin density on the disk
membrane (22,30). R .. 5 is the change in voltage corre-
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FIG. 6. The P3 model given by Equation 2 (see main text) provides an ex-
cellent fit (dashed lines) to the leading edges of the rod-isolated ERG a =
waves (solid lines). The numbers above each ERG a-wave indicate the
retinal illuminance in log scot Td-sec used to generate the ERG.

sponding to the maximum number of cation channels that can
be closed. A reduction in the number of photoreceptors or
shortening in the length of the ROS would cause a propor-
tional reduction in R, 4 (22,30). The parameter ¢, is a non-
physiologic delay due to instrumentation filtering and finite
duration of the flash. One variation to the model given in
Equation 2 is to include a term that accounts for membrane
capacitance (32,36). Membrane capacitance becomes an im-
portant factor when describing the cone photoreceptor ERG
a-wave or the rod ERG a-wave recorded to extremely bright
flash intensities (31,32,36). Employing the model given by
Equation 2 to describe the ERG a-wave thereby provides an
in vivo method of quantifying the phototransduction process.

To derive the phototransduction parameters, S, R p3
and, 7, Equation 2 is typically fitted simultaneously to multi-
ple ERG a-waves recorded to a series of bright flashes (en-
semble fit) (Fig. 6). The highest retinal illuminance used in
Figure 6 is ~500 times brighter than the illuminance required
to produce ERG b-wave saturation, as used in conventional
ERG analysis.

Assessment of rod recovery. After light capture, the photo-
transduction proteins (R*, G*, and E¥) are activated, and cy-
tosolic cGMP concentration falls, closing a portion of the
cGMP-gated ion channels that are open (Fig. 2). Before the
rod can fully respond to subsequent photons of light, the rod
must be returned to its dark-adapted resting state. The steps
necessary for rod recovery include deactivation of R*, G*, and
E* and the return of cGMP concentration to its preflash level.
The latter step reopens the same proportion of cGMP-gated
ion channels that were closed by the flash. The time course of
rod recovery can be assessed using a paired-flash ERG method
(35,37). With the paired-flash method, a high intensity “test”
flash that forces the rod into saturation is followed by a sec-
ond “probe” flash at varying interstimulus intervals (Fig. 7).
If the probe flash is delivered during the period of rod satura-
tion when all cation channels are closed, there will be no mea-
surable ERG response (Fig. 7, ERG at 6-sec interstimulus in-
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terval). Once cation channels begin to reopen, a subsequent
probe flash will close all newly opened cation channels, dri-
ving the rod back into saturation. The amplitude of the ERG
a-wave to the probe flash is proportional to the number of
cation channels closed and therefore, the amount of recovery
that has occurred since the test flash (35,38). Figure 7 illus-
trates the recovery of ERG amplitude (thin solid lines) from
an adult rhesus monkey at various interstimulus intervals after
a bright test flash (5.4 log scot Td-sec). At the end of the re-
covery experiment, the ERG is recorded in response to a probe
flash presented in isolation without a preceding test flash
(“Probe only,” Fig. 7). The dashed lines in Figure 7 show the
fits of the P3 model (Eq. 2) to the leading edges of each ERG
a-wave. The maximal response derived at each interstimulus
interval (IS]), - is normalized with respect to the maxi-
mal response derived from the isolated probe response (IPR),
R, .xpr- Figure 8 shows the plot of the normalized responses
R axist/Rmaxipr against log interstimulus interval. The solid
line is the best fit of the sum of two exponentials to the data.
Also shown are two characteristic parameters derived from the
analysis, i.e., T, the time the rod remains saturated after the
test flash and Tsq the time required from T, to reach 50% of
full recovery.

DHA IN THE RETINA

Within the retina, DHA is incorporated primarily into struc-
tural glycerophospholipids of the cell membrane lipid bilayer
(39). DHA accounts for 8-20% of total retinal fatty acids in
humans and 38-92% of total polyunsaturates within the mam-
malian retina (2,40-45). DHA is particularly concentrated

6 sec ISI

12 sec ISI

20 sec ISI

Postflash time (ms)

FIG. 7. Recovery of the rod ERG a-wave after a saturating flash. The
solid lines show the rod isolated ERG recorded to the second (probe)
flash (4.1 log scot Td-sec) at a given interstimulus interval (ISI) after a
test flash (5.45 log scot Td-sec). The bottom-most response (probe only)
is the ERG recorded to the probe flash presented without a preceding
test flash 150 sec after the last double flash pair. The dashed curves
show the best fits of Equation 2 to the leading edges of the ERG a-waves.
Inset: Graphic representation of the separation between the saturating
test flash (thick arrow) followed by the probe flash (thin solid arrow) at
a given interstimulus interval. For abbreviation see Figure 3.
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FIG. 8. Normalized ERG a-wave recovery plotted against interstimulus
interval. The amplitudes of the probe flash ERG at each interstimulus
interval (ISI) (R_,,.s) are normalized with respect to the amplitude of
the isolated probe response (IPR) flash ERG recorded at the end of the
sequence (R pg)- The solid line is the best fit of the sum of two expo-
nentials to the data. Also shown are two characteristic parameters de-
rived from the analysis, T, and T, . For abbreviation see Figure 3.

within the disk membranes of the ROS where it accounts for
up to 30% of total fatty acids and 54% of phos-
phatidylethanolamine (PE) fatty acids (2,42,46,47). The
retina is unique in that it contains phospholipids with polyun-
saturates at both the sn-1 and sn-2 positions (dipolyenes). In
the monkey, dipolyenes with long-chain polyunsaturated fatty
acids (LC-PUFA) in both the sn-1 and sn-2 positions consti-
tute 16% of the diacyl ethanolamine phosphoglycerides, and
15% of these have DHA in both positions (48).

LC-PUFA SUPPLEMENTATION IN HUMAN
AND NONHUMAN PRIMATES

Birch et al. (27) reported an elevation in log K and a reduction
in V. at 36 wk postconception (~6 wk postnatal age) in
preterm infants fed a corn oil-based formula with a low level
(0.5%) of a-linolenic acid (ALA) compared with infants fed a
fish oil-supplemented formula [0.35% DHA and 0.65% eico-
sapentaenoic acid (EPA)]. Analysis of the Naka-Rushton func-
tion from these infants also revealed an elevation in rod thresh-
old in the corn oil group, which likely reflects the elevation in
log K. Infants fed a soybean oil-based diet (2.7% ALA) had
parameter values that were in between those of the corn and
fish oil diet groups. In a follow-up study of term infants by the
same group, only log K was elevated at 6 wk postnatal age in
infants fed a formula with 1.7% ALA as the sole n-3 fatty acid,
compared with infants fed a formula supplemented with LC-
PUFA [0.36% DHA, 0.72% arachidonic acid (AA)] (49). In
both studies, the early differences noted in the ERG between
the diet groups were no longer present at 4 mon of age (cor-
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rected age for premature infants). However, in the preterm
study, infants in the corn oil group had longer latencies for
light-adapted oscillatory potentials at 4 mon corrected age (27).

In another study, term infants were randomized to either a
control formula containing 2.1% ALA as the sole n-3 fatty
acid or one of two formulas supplemented with LC-PUFA, ei-
ther 0.12% DHA and 0.43% AA, or solely 0.23% DHA.
There were similarly no ERG differences between the diet
groups at the sole test age of 4 mon (50).

Owing to limitations in ERG methodology used, results
from a fourth study are difficult to interpret. Faldella et al.
(51) recorded ERG from a skin electrode placed on the bridge
of the nose. ERG recorded from this position exhibit high
variability, are extremely small, and lack the sensitivity even
to distinguish different forms of retinal pathology (52). The
failure to dilate the pupil or dark-adapt the infants in this
study would have further reduced ERG amplitudes and in-
creased variability of the recordings. Given these limitations,
it is difficult to draw any conclusions about the effects on reti-
nal function of the diets used in this study.

The preterm infants in the study of Birch et al. (27) were
born at 28-33 wk gestation. Over the last trimester of preg-
nancy, there is a 35% increase in retinal DHA level (40), and
infants born prematurely are likely to be more susceptible to
any reduction in the availability of DHA for accretion by the
retina. This greater susceptibility in infants born prematurely
may explain the more marked ERG alterations at 6 wk postna-
tal age in the preterm infants compared with the term infants.
Other differences between the term and premature infant stud-
ies, notably the level of dietary ALA used, may also account
for the greater ERG alterations in the premature infants. The
results from both preterm and term infants suggest that retinal
function may be altered by the level of n-3 fatty acids supplied
in the diet for at least the first six postnatal weeks.

Owing to the difficulty of recording ERG with a contact
lens in older infants and young children, the evaluation of
retinal function after varying dietary n-3 fatty acid content
has been limited to a maximum of 4 mon postterm in humans.
The rhesus monkey provides an ideal animal model of the
human for the long-term study of the effect of diet on retinal
function. The similarities between retinal structure, function,
and development in macaque monkeys (e.g., rhesus) and hu-
mans are well described (11,53-56). Additionally, rhesus
monkeys, like humans, are capable of desaturating and elon-
gating the n-3 and n-6 essential fatty acids to obtain their re-
spective long-chain polyunsaturates (57-60). Adjustments
necessary for comparison of humans and macaque monkeys
are the different rates of visual development (1 wk for mon-
keys is equivalent to ~4 wk in humans) and the greater neural
and retinal maturity of the monkey at birth.

In a recent study, infant monkeys were raised for the first
six postnatal months on either a formula containing 1.7%
ALA as the sole n-3 fatty acid or a diet supplemented with
0.8% DHA and 0.8% AA. At 4 and 13 mon of age, there were
no significant differences in rod or cone ERG between the two
diet groups (62).
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In a separate study, retinal function was assessed in mon-
keys raised their entire lives on either a diet with 8% ALA as
the sole n-3 fatty acid or a diet supplemented with 0.6% DHA
and 0.2% AA. The mothers of these monkeys consumed diets
identical to those of their offspring throughout pregnancy.
There were no significant differences in the ERG between the
two groups of monkeys when tested as adults (4—6 yr) (62).
However, several alterations were found in the ERG of mon-
keys fed very low ALA diets, and these are described in the
following section.

The results from the two monkey studies suggest that a diet
with 1.7-8% ALA as the sole n-3 fatty acid does not ad-
versely affect the long-term development of retinal function
in higher primates, compared with a diet containing at least
0.6% DHA. The similarity of the rhesus monkey retina to that
of humans, together with the data for human infants at 4 mon,
suggests that this finding is likely valid for humans. It has not
been tested in humans whether a diet with a level of ALA
>1.7% would eliminate the alterations in the ERG noted at 6
wk postnatal age compared with infants fed a LC-PUFA-sup-
plemented diet containing 0.35% DHA.

The combined results from the human and monkey studies
suggest that the period of vulnerability of the retina to a low
supply of dietary n-3 fatty acids is short. If a lowering of reti-
nal DHA level underlies the ERG alterations reported in the
human infants, what are the possible mechanisms that result in
this early vulnerability? In both rhesus monkeys and baboons,
DHA is readily accreted by the retina from the circulating
blood supply during the latter stages of fetal development and
during the neonatal period (57-59). The retina also has a so-
phisticated recycling system that ensures conservation of reti-
nal DHA levels even during periods of prolonged dietary n-3
deficiency (4-6). Both term and preterm human infants are ca-
pable of synthesizing some DHA from ALA (63,64). However,
the above results suggest that infants, particularly preterm in-
fants, fed formulas with <1.7% ALA may not be able to syn-
thesize sufficient DHA to meet their retinal requirements over
the early postnatal weeks. The lack of ERG differences at 4
mon of age suggests that any such limitation is transient.

THE EFFECT OF DHA DEFICIENCY ON RETINAL
FUNCTION IN ANIMALS

Rats and guinea pigs. Reductions in conventional ERG a- and
b-wave amplitudes have been consistently reported in rats and
guinea pigs fed n-3-deficient diets in comparison with control
animals fed high ALA, n-3-sufficient diets (46,65-70).

The newer methods of ERG recording and analysis have
been used in only a few studies. Weisinger et al. (70) reported
that phototransduction sensitivity, S, varies as a saturating
function of retinal DHA level at 16 wk of age in guinea pigs
(Fig. 9, lower graph). In the same guinea pigs, the maximal
rod response R 3 was reduced by ~0.16 log units when
retinal DHA fell below 16% of total fatty acids (Fig. 9, upper
graph). Further reductions in retinal DHA did not produce any

additional loss in R, »5. The pattern of variation in § with
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retinal DHA level differs from that of R, p5 suggesting that
two separate mechanisms may be affected in n-3-deficient
guinea pigs. In a subsequent study in rats from the same labo-
ratory, a reduction in retinal DHA from 34.1 to 25.5% of total
fatty acids was associated with a 0.28 log unit reduction in
both R, »5and § at 35 wk of age (71).

The mechanisms by which lowering retinal DHA levels
causes reductions in ERG amplitudes and phototransduction
sensitivity in rats and guinea pigs are not yet fully understood.
The rate of ROS disk synthesis (42), the number of photore-
ceptors (46,72), ROS length (42,72), and the width of the
outer nuclear layer (42) remain unaltered in n-3-deficient rats.
The number of retinal pigment epithelium (RPE) phagosomes
is reduced in n-3-deficient rats (66,73), but such changes
seem unlikely to alter ERG components generated by the pho-
toreceptors and bipolar cells within the first 70 msec after
flash onset. Alteration in the local concentration of rhodopsin
within the ROS would likely affect phototransduction sensi-
tivity (30), and the rate of rhodopsin regeneration after a
100% bleach is slowed in n-3-deficient rats (72). However,
slower rhodopsin regeneration is unlikely to have caused the
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FIG. 9. Variation in S (lower graph) and R »» (upper graph) with reti-
nal docosahexaenoic acid (DHA) in 16-wk-old guinea pigs. Values are
expressed as the change (Alog value + SEM) from control guinea pigs
fed a canola oil-based diet. *Significantly different from the canola oil
group, P < 0.05. Data were fit by a Weibell function to emphasize the
transitions. Reproduced with permission from Reference 70.
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ERG alterations in n-3-deficient rats and guinea pigs, given
that all studies, with the exception of Watanabe et al. (66), al-
lowed sufficient time to achieve full dark adaptation. There
are conflicting reports as to the effect of altering the level of
dietary n-3 fatty acids on absolute rhodopsin content in the
retina after complete dark adaptation. Higher levels of
rhodopsin have been reported in rats fed either an n-3-defi-
cient diet (72) or a high DHA/EPA fish oil-supplemented diet
(74) compared with rats fed a diet containing ALA as the sole
n-3 fatty acid. Further experiments are required to determine
whether altered rhodopsin levels underlie the sensitivity
changes reported in rats and guinea pigs. Higher rhodopsin
levels in n-3-deficient rats might be expected to lead to higher
rather than lower sensitivity. However, low DHA in the mem-
brane lipid environment of rhodopsin may reduce its photo-
chemical activity and thus lower sensitivity. This possibility
is supported by in vitro model membrane studies showing
lower metarhodopsin II formation in membranes low in DHA
(75-77).

Another possibility is that low retinal DHA affects the
ERG through changes in ion channels. R 5 is proportional
to the magnitude of the circulating photocurrent, i.e., the
number of open cGMP-gated ion channels within the retina
(22). The number of cGMP-gated ion channels open at any
given time is regulated by intracellular cGMP concentration,
which in turn depends on the rates of cGMP hydrolysis and
synthesis. A number of the mechanisms involved in determin-
ing the rates of cGMP hydrolysis and synthesis are Ca** de-
pendent (78). On the basis of the results from experiments in
monkeys described below, it is speculated that a reduction in
retinal DHA may alter the calcium current flowing into the
photoreceptor outer segments through the cGMP-gated ion
channels. Whether alteration in cytosolic Ca>* concentration
underlies the reduction in R, p5 in n-3-deficient rats and
guinea pigs remains to be determined.

No significant alterations in ERG a-wave and b-wave im-
plicit times have been reported in n-3-deficient guinea pigs
compared with those fed a high ALA diet (68,70). Rats fed a
diet with DHA enriched at the sn-2 position of triglycerides had
a3.5-5.5% delay in ERG b-wave implicit times compared with
rats fed either rat milk or a diet with DHA distributed equally
across the sn-1, -2, and -3 positions (79). A caveat in interpret-
ing this study is that the delay in ERG implicit times was pres-
ent for only one of three flash intensities. Absolute retinal fatty
acid levels were not significantly different between the two
groups fed the experimental diets, but it would be of interest to
know whether the experimental diets altered the dipolyene
composition of the retinas. The retina is unique in containing a
high level of dipolyenes, and these are known to increase the
rate of rhodopsin activation (metarhodopsin II formation) com-
pared with monoenes in recombinant membranes (76,77,80).
Delays in metarhodopsin II formation or the rate of activation
of the phototransduction proteins could slow the ERG re-
sponse.

Cats. The effects of reducing retinal DHA levels in a sin-
gle study of cats were quite different from those reported in
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rats and guinea pigs. In 12-wk-old cats, ERG a-wave implicit
times were delayed by 10% in those fed diets with differing
levels of ALA (0.2-1.3%) compared with cats fed diets that
contained LC-PUFA (>0.3% DHA, >0.5% AA) (81). There
were no significant differences in ERG amplitudes between
the groups. Delays in ERG b-wave implicit times in this study
were reported, but are difficult to interpret because the ERG
was recorded to a red flash that elicited a mixed rod/cone re-
sponse. The mean ERG b-wave implicit time for the LC-
PUFA-supplemented cats was 48.6 msec, consistent with the
peak of the cone response (23), whereas the mean ERG b-
wave implicit time for the ALA cats was 70.7 msec, consis-
tent with the peak of the rod response (23). These results sug-
gest that different ERG b-wave components were measured
for the two diet groups, or that the relative amplitudes of these
components were altered.

Rhesus monkeys. Neuringer and co-workers (82—85) fed
two cohorts of rhesus monkeys diets that contained either
0.3% ALA (Low ALA) or 8% ALA (High ALA) as the sole
n-3 fatty acid. The second cohort also included a third dietary
group supplemented with LC-PUFA (0.6% DHA, 0.2% AA,
and 0.2% EPA). ERG were recorded from the monkeys as in-
fants (3—4 mon), juveniles (1-2 yr), and for the second cohort
as young adults (4-6 yr). In the first cohort, Low ALA mon-
keys had reduced rod and cone ERG a-wave amplitudes as in-
fants compared with the High ALA monkeys (84). This re-
sult was not repeated in the second cohort when they were
tested at the same age or in either cohort when tested as juve-
niles or adults (62,84,86). In addition, there was a 5-10%
delay in rod and cone ERG b-wave implicit times in the Low
ALA monkeys when tested as juveniles and adults compared
with monkeys fed the High ALA and LC-PUFA-supple-
mented diets (62,84,86).

The most marked and consistent alteration in retinal func-
tion in monkeys fed the Low ALA diet was a delay in the time
required for the rod photoreceptors to recover after a light
flash. When moderately intense flashes (2.6 log scot Td-sec)
were separated by intervals of 20 sec, ERG amplitudes were
not significantly different between the rhesus monkeys fed
the Low ALA diet and those fed the High ALA diet. When
the interval between flashes was reduced to 3.2 sec, ERG a-
and b-wave amplitudes were reduced in both groups of mon-
keys, but there was a significantly greater reduction in the
Low ALA monkeys compared with the High ALA monkeys
(83-85). This effect was present in both cohorts of monkeys
when tested as infants and juveniles. The reduction in ERG
amplitude at short intervals between flashes suggested a delay
in recovery of the rod photoreceptors, a conclusion recently
confirmed in adult rhesus monkeys by measuring rod recov-
ery with the paired flash method (62,86). The Low ALA mon-
keys were delayed by ~30% in reaching 50% recovery (T)
compared with the 5% delay in ERG implicit times in the
same monkeys (62). There was no effect of diet groups on the
duration of complete rod saturation, 7. (62).

Results from in vitro experiments using recombinant mem-
branes and isolated cells suggest a number of possible mech-

Lipids, Vol. 36, no. 9 (2001)

B.G. JEFFREY ET AL.

anisms that could account for the delays in ERG b-wave im-
plicit times and rod recovery in the Low ALA monkeys. Ac-
tivation of the G-protein cascade involves contact between
the activated proteins, R*, G*, and E* as the result of two-
dimensional diffusion through the disk membrane lipid bi-
layer. It has been proposed that the high concentration of
DHA and dipolyenes in the disk membrane imparts a number
of biophysical properties (77) that should facilitate the diffu-
sion of the phototransduction proteins through the disk mem-
brane. Recent results demonstrate that the diffusion of trans-
ducin is faster in model membranes containing DHA at the
sn-2 position than in membranes with oleic acid at the sn-2
position (87). Thus, slower diffusion of the phototransduction
proteins through the lipid bilayer of the disk membrane may
account for the small delays in ERG implicit times in n-3-de-
ficient animals. The same principle could also apply to pro-
teins such as rhodopsin kinase and recoverin, which are in-
volved in the deactivation of R* and thus could help to ex-
plain part of the delay in rod recovery as well. However, the
delay in rod recovery in the Low ALA adult rhesus monkeys
was ~6 times greater than the delay in ERG implicit times,
and this discrepancy suggests a separate mechanism in the re-
covery process that is altered in the Low ALA monkeys. One
possibility is that a larger Ca®* current flows through the
cGMP-gated cation channels of the Low ALA monkeys.
There are numerous processes required for rod recovery, in-
cluding the deactivation of the phototransduction proteins and
the return of cytosolic cGMP concentration to preflash levels.
Higher intracellular Ca®* slows the deactivation of
metarhodopsin II and the synthesis of cGMP (88); the net ef-
fect of both is to slow the rate of rod recovery. DHA as a free
fatty acid suppresses voltage-gated L type Na* and Ca’*
channel currents in isolated neonatal and adult rat cardiomy-
ocytes and in CA1 neurons from the rat hippocampus (89,90).
Whether DHA similarly affects the cGMP-gated ion channel
of the rod photoreceptor is unknown. A larger transient Ca**
influx through the cGMP-gated ion channels in the Low ALA
monkeys could explain the observed delay in rod recovery.

Comparison of ERG results among animal species. The
studies in rats, guinea pigs, cats, and rhesus monkeys high-
light important species differences with respect to the effect
of reducing retinal DHA levels on retinal function. It is un-
clear why these species should exhibit such contrasting ERG
alterations in response to an n-3-deficient diet. In the ERG
studies, rats and guinea pigs fed n-3-deficient diets had reti-
nal DHA levels reduced by 30-65% in comparison with
n-3-sufficient control animals. In the rhesus monkeys, retinal
DHA was reduced by 50% at birth and by 80% at 2 yr of age
compared with the High ALA control group. In each of the
animal studies described, the fall in retinal DHA was largely
compensated for by an increase in retinal 22:5n-6 and, to a
lesser extent, 22:4n-6. These comparisons highlight the fact
that the n-3-deficient diets used in each species induced simi-
lar changes in retinal fatty acids.

The timing of retinal development and accretion of DHA
to the retina also appear to be unable to explain the different
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ERG results between monkeys and guinea pigs. There is sub-
stantial growth and differentiation of retinal cells in utero in
both monkeys and guinea pigs (53,91), and mothers were fed
the same n-3-deficient diets in studies using both species. The
structure of the monkey retina is quite different from that of
rats and guinea pigs. In higher primates, cones account for
~5% of the total photoreceptors and interact with rods in a
complex manner (92). The primate retina also has a macula, a
central area containing the pigments, lutein, and zeaxanthin
(93). At the center of the macula lies the fovea, a region with
very high cone density that enables primates to achieve high
visual acuity (94). The retinas of rats and guinea pigs by
comparison are specialized for nocturnal vision, are domi-
nated by rod photoreceptors, and have no macula or fovea.
Therefore, rats and guinea pigs have excellent sensitivity in
the dark but poor visual acuity. It is possible that these differ-
ences in retinal structure among species may account for the
different effects on retinal function of lowering retinal DHA.

CRITICAL PERIODS FOR ACCRETION OF DHA
TO THE RETINA

A number of repletion studies have provided evidence for a
“critical period” during retinal development when an inade-
quate supply of DHA to the retina will result in permanent
retinal dysfunction that cannot be normalized even when reti-
nal DHA is returned to normal.

A subset of the monkeys from cohort 1, described previ-
ously, was fed the Low ALA diet for 10-22 mon after birth
before being switched to a fish oil-based diet containing 9%
DHA and 13% EPA (wt% of total fatty acids) (60). After 9
mon of dietary repletion, when DHA levels had increased to
above normal, repleted monkeys still had delayed ERG b-
wave implicit times and a greater reduction in ERG b-wave
amplitude at short interflash intervals compared with control
monkeys (84). In this study, repletion was initiated at ages
when rhesus monkeys have an adult-like retina (53,95). In
one monkey repleted with 1.6% DHA ethyl ester from 4 mon
of age, when the retina is not fully developed, the ERG nor-
malized by 2 yr of age (96).

In a study by Armitage et al. (71), rats were fed either a
safflower oil-based diet with 1% ALA and a LA/ALA ratio
of 72:1 or a canola oil-based diet with 8% ALA and a
LA/ALA ratio of 2.5:1. At 8 wk of age, half of the rats fed the
safflower diet were switched to the canola oil diet for 25 wk.
By 33 wk, there were no significant differences in retinal
DHA levels between the repleted rats and those fed the canola
oil diet. Nevertheless, the repleted rats had a 60% reduction
in R p; compared with the those fed the canola oil diet. In
a similar repletion study using the same diets, no ERG alter-
ations were found in guinea pigs after retinal DHA levels
were returned to within 85% of normal after repletion from 5
to 16 wk. In both species, repletion was initiated at an age
when the retina has functionally reached adult levels (97).

The above results provide strong support for the existence
of a critical period in both monkeys and rats in which DHA
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must be accreted to the retina to achieve normal development
of retinal function. The length of these critical periods with
regard to either age or the stage of retinal development has
yet to be determined.

A ROLE FOR DHA IN THE REGENERATION OF
RHODOPSIN

Rhodopsin is formed in the disk membrane of the retinal ROS
when opsin binds its chromophore, 11-cis retinal. The cap-
ture of light by 11-cis retinal results in its isomerization to all-
trans retinal and leads to the formation of metarhodopsin II.
After deactivation of metarhodopsin II, some of the all-trans
retinal separates from opsin and is converted to all-trans
retinol. Regeneration of rhodopsin from these components is
a two-step process. First, all-trans retinol must be removed
from the ROS and transferred to the RPE. Second, a new 11-
cis retinal molecule manufactured within the RPE must be
transferred to the ROS, where it binds opsin to form a new
rhodopsin molecule. The mechanism whereby the highly in-
soluble retinoids, 11-cis retinal and all-trans retinal, are trans-
ferred across the aqueous interphotoreceptor matrix between
the RPE and the ROS is known to involve the interphotore-
ceptor retinal binding proteins (IRBP). The IBRP are the
major soluble proteins within the interphotoreceptor matrix,
and bind both retinoids and fatty acids (98).

In a single fluorescence study, DHA had the highest affin-
ity for IRBP, twice that of AA and three times that of ALA
(99). A subsequent fluorescence study found that DHA hin-
dered the interaction of 11-cis retinal at a hydrophilic binding
site on IRBP and also facilitated the dissociation of 11-cis
retinal from this binding site (100). In contrast, DHA did not
alter the interaction or dissociation of all-frans retinol with
IRBP. Preliminary data indicate that AA does not affect the
interaction of 11-cis-retinal with IRBP (100).

Chen et al. (100) reported that the concentration of DHA
noncovalently bound to IRBP represented 8.6% of total bound
fatty acids in bovine retina. In the same retinas, DHA ac-
counted for 20 and 3.5% of lipids in ROS and RPE, respec-
tively. Thus, there is a DHA concentration gradient between
the ROS and RPE. On the basis of the presence of this concen-
tration gradient and the above fluorescence studies, Chen et al.
(100) proposed the following model for how DHA modulates
the transfer of retinoids between the RPE and ROS. When
IRBP is located near the RPE, it binds a saturated fatty acid,
resulting in high affinity for 11-cis retinal at the IRBP hy-
drophilic binding site. When the IRBP approaches the ROS,
DHA will displace the saturated fatty acid from the IRBP be-
cause of its higher affinity. The binding of DHA to IRBP will
in turn cause a rapid dissociation of 11-cis retinal, which moves
into the ROS. DHA does not affect the binding affinity of all-
trans retinol, which moves from the ROS into the hydrophilic
binding site on IRBP that was previously occupied by 11-cis
retinal. When IRBP moves back near the RPE, the process is
reversed as DHA is swapped for a saturated fatty acid and the
retinoid binding site regains its affinity for 11-cis retinal.
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There is strong evidence from a single study to suggest that
DHA plays an important role in the regeneration of rhodopsin.
An 80% reduction in retinal DHA level in n-3-deficient rats
was associated with a significantly slower rate of rhodopsin re-
generation after a 100% bleach (72). The 11-cis retinal neces-
sary for forming rhodopsin is synthesized in the RPE from all-
trans retinol. The RPE obtains all-trans retinol from the
choroidal blood supply, and in many mammals, the RPE acts
as a secondary store for all-trans retinol (9). In rats, the RPE is
a relatively weak store for all-trans retinol (9), which may
make rats more susceptible than other mammals to the effect
of lower DHA levels on the rate of rhodopsin regeneration.

SUMMARY AND CONCLUSIONS

Early studies in this field provided conclusive evidence that a
reduction in retinal DHA level was associated with altered reti-
nal function as assessed with the ERG. Recent studies have ex-
tended these findings to include specific alterations in photore-
ceptor function in n-3-deficient animals, including slower rod
recovery in monkeys and reductions in the maximal response
and phototransduction sensitivity in guinea pigs and rats. On
the basis of the experiments in n-3—deficient animals, it has
been proposed that DHA serves a number of important roles in
photoreceptor function, including regulation of retinoid trans-
port between the RPE and ROS and regulation of the Ca>* pho-
tocurrent through the cGMP-gated ion channels. It was also
proposed that DHA provides the membrane properties that
allow the phototransduction proteins to diffuse rapidly through
the lipid bilayer of the disk membranes.

The alterations in phototransduction and rod recovery
mechanisms in the retina of n-3-deficient animals may be ap-
plicable to similar mechanisms in other tissues with high
DHA concentration. DHA is also found at high levels within
the brain (83,101), which lacks the same efficient mechanism
for DHA conservation present within the retina. Several of
the mechanisms studied within the photoreceptor are found
elsewhere in the body. For example, the phototransduction
cascade has a high degree of commonality with the many
other signal transduction pathways mediated by G proteins
(12,102). Although the ligands may include light, neurotrans-
mitters or hormones, once initiated, the respective G-protein
cascades are remarkably similar (12,102). DHA is also found
in high concentration within synapses (103,104) where cal-
cium also plays an important role in the modulation of neuro-
transmitter release (105). The results from ERG experiments
with n-3-deficient animals may therefore be relevant for many
other neural and physiologic processes. They may also have
implications for human infant nutrition despite the lack of
ERG alterations beyond 6 wk of age in human infants fed a
diet without DHA supplementation.
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